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Abstract

Bull trout, 

 

Salvelinus confluentus

 

 (Salmonidae), are distributed in northwestern North
America from Nevada to Yukon Territory, largely in interior drainages. The species is of
conservation concern owing to declines in abundance, particularly in southern portions
of its range. To investigate phylogenetic structure within bull trout that might form the
basis for the delineation of major conservation units, we conducted a mitochondrial DNA
(mtDNA) survey in bull trout from throughout its range. Restriction fragment length
polymorphism (RFLP) analysis of four segments of the mtDNA genome with 11 restric-
tion enzymes resolved 21 composite haplotypes that differed by an average of 0.5% in
sequence. One group of haplotypes predominated in ‘coastal’ areas (west of the coastal
mountain ranges) while another predominated in ‘interior’ regions (east of the coastal
mountains). The two putative lineages differed by 0.8% in sequence and were also
resolved by sequencing a portion of the 

 

ND1

 

 gene in a representative of each RFLP
haplotype. Significant variation existed within individual sample sites (12% of total vari-
ation) and among sites within major geographical regions (33%), but most variation (55%)
was associated with differences between coastal and interior regions. We concluded that:
(i) bull trout are subdivided into coastal and interior lineages; (ii) this subdivision reflects
recent historical isolation in two refugia south of the Cordilleran ice sheet during the
Pleistocene: the Chehalis and Columbia refugia; and (iii) most of the molecular variation
resides at the interpopulation and inter-region levels. Conservation efforts, therefore,
should focus on maintaining as many populations as possible across as many geographical
regions as possible within both coastal and interior lineages.
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Introduction

 

Fishes of the genus 

 

Salvelinus

 

, commonly known as ‘char’,
have presented a great challenge to taxonomists and evolu-
tionary biologists interested in resolving inter-relationships
and understanding the evolution of diversity within
salmonid genera (Behnke 1972; Nordeng 1983). The genus

 

Salvelinus

 

 consists of three main lineages (up to 15 species)
of largely freshwater salmonid fish native to the temperate
and Arctic regions of the northern hemisphere (Behnke
1972, 1980). Many of the systematic uncertainties stem, in

part, from the limitations of morphological analyses in
a group of fish with extensive phenotypic plasticity.
For example, Dolly Varden (

 

S. malma

 

) and bull trout
(

 

S. confluentus

 

) are two morphologically very similar char
with largely parapatric distributions in northwestern North
America: Dolly Varden are found in coastal drainages
from western Washington to western Alaska and bull
trout are found largely in interior drainages from north-
ern California to Yukon Territory (see fig. 1 of Baxter 

 

et al

 

.
(1997)). The two char are so similar morphologically and
ecologically that at one time they were considered a
single species, i.e. Dolly Varden (McPhail 1961; Morton
1970). More recent morphological analyses by Cavender
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(1978) and Haas & McPhail (1991) suggested that the two
char warrented distinct species status. This notion was
supported by diverse molecular analyses that have
demonstrated extensive molecular divergence between
Dolly Varden and bull trout (Grewe 

 

et al

 

. 1990; Pleyte 

 

et al

 

.
1992; Crane 

 

et al

 

. 1994). Subsequent genetic studies of the
two char in sympatry have demonstrated that they are
separate gene pools (Baxter 

 

et al

 

. 1997; Leary & Allendorf
1997) providing the most compelling evidence that Dolly
Varden and bull trout are distinct biological species.

As most evolutionary studies of bull trout have focused
on their inter-relationships with other members of the
genus, there have been no detailed studies of evolu-
tionary divergence within the species over its extensive
western North American range. Consequently, efforts to
conserve evolutionary diversity within bull trout are pro-
ceeding without information on phylogenetic variation
within the species. Indeed, conservation issues for bull
trout have become increasingly important as the species
has undergone significant declines in abundance and
distribution, particularly in southern portions of its
range (Mackay 

 

et al

 

. 1997; Rieman 

 

et al

 

. 1997), and two
population segments have been declared endangered or
threatened under the US Endangered Species Act (US
Department of Interior Federal Register July 1998). Leary

 

et al

 

. (1993) surveyed allozyme polymorphism in bull trout
from the upper Columbia and Klamath rivers while
Williams 

 

et al

 

. (1997) surveyed mitochondrial DNA (mtDNA)
variation in the species over much the same geographical
range. Although informative for bull trout within these
large river systems, with the exception of one population,
neither of these studies included populations from the
largest portion of its range in Canada (i.e. British Columbia,
Yukon, Northwest Territories, and Alberta) where popu-
lations are still relatively healthy. Morphological and
meristic variation in bull trout was examined by Haas
(1988) in specimens collected from throughout northwestern
North America. His analysis suggested the existence of
four major groups of bull trout. These morphological
groupings were suggested to represent evolutionary line-
ages resulting from isolation in and subsequent dispersal
from four Wisconsinan glacial refugia: the Chehalis,
Pacific (lower Columbia), Missouri, and Bering/Nahanni
(Haas 1988). If such morphological groupings indeed
represent intraspecific phylogenetic divisions, they could
form the basis for the recognition of primary conserva-
tion units below the species level (e.g. ‘evolutionarily
significant units’ 

 

sensu

 

 Waples (1995)). Because, however,
morphological distinctions may not represent phylo-
genetic divisions, but either phenotypic plasticity or
adaptive variation (Hillis 1987; Taylor & Bentzen 1993),
independent (from morphology) assessments of evolu-
tionary diversity within bull trout from throughout its
range are needed. The principle objective of our research

was, therefore, to conduct a phylogenetic survey of bull
trout from throughout northwestern North America. As
the range of bull trout encompasses an area that includes
several Wisconsinan glacial refugia, we tested the hypo-
thesis that bull trout molecular variation could be parti-
tioned across major lineages that stem from historical
isolation of bull trout within these refugia. To assess this
hypothesis, we surveyed bull trout for restriction site and
sequence variation in the mtDNA genome, a procedure
that has often proven very informative in resolving phylo-
genetic lineages within species (Avise 1994; Moritz 1994)
including many fish groups (Bermingham & Avise 1986;
Bernatchez & Wilson 1998; Redenbach & Taylor 1999).

 

Materials and methods

 

Sampling strategy and sample sites

 

Bull trout were sampled from a total of 47 populations
from throughout its range (Fig. 1). Samples consisted

Fig. 1 Distribution of populations of bull trout sampled for
mitochondrial DNA (mtDNA) analysis. Sample codes are identified
in Table 1. The dashed line encompasses the approximate natural
range of bull trout.
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largely of fin clips stored in 95% ethanol, but some frozen
tissues were also used. We were interested in broad-scale
geographical patterns of variation and previous studies
have shown that biochemical or molecular variation
within populations is minimal (Leary 

 

et al

 

. 1993; Williams

 

et al

 

. 1997). Therefore, we focused on sampling as many
sites as possible, but limited our sampling within sites
to usually five to 10 individuals. Owing to their remoteness,
some of our sites could not be sampled extensively and
consisted of samples of less than five individuals. Our
geographical coverage included all areas now occupied
by bull trout that may have either served as Pleistocene
glacial refugia themselves or that have been postglacially
colonized from the major refugia (Beringia, lower Columbia
River, upper Missouri, Chehalis, and Nahanni River;
Table 1). We also included three Dolly Varden (

 

Salvelinus
malma

 

) and a single brook trout (

 

S. fontinalis

 

) as outgroup
taxa in our analyses. The Dolly Varden were collected from
the Keogh River on northeastern Vancouver Island and
from the Iskut River in north coastal British Columbia,
while the brook trout was sampled from a naturalized
population in the Beaver River, a tributary of the upper
Columbia River near Trail, British Columbia.

 

Molecular analyses: restriction fragment length 
polymorphisms (RFLPs)

 

We surveyed mtDNA variation by examining restriction
site variation in four amplified portions of the mtDNA
genome in all samples as well as by sequence analysis of
a fifth region. We used the polymerase chain reaction
(PCR) to amplify a 2.1 kb fragment consisting of cyto-
chrome 

 

b

 

 and the control region and a 2.5 kb fragment
consisting of the NADH 5 and 6 (

 

ND5/6

 

) genes. Restriction
or sequence analysis of targeted regions of mtDNA to
resolve major lineages is an efficient alternative to whole
molecule analysis (e.g. O’Reilly 

 

et al

 

. 1993; Ortí 

 

et al

 

.
1994). The cytochrome 

 

b

 

/control region was amplified
using the primers HN20 (Bernatchez & Osinov 1995) and
the reverse complement of C-Glu (Park 

 

et al

 

. 1993), while
the 

 

ND5/6

 

 genes were amplified using C-Glu and C-Leu3
(Park 

 

et al

 

. 1993). The PCR conditions were as described
in Redenbach & Taylor (1999). The PCR-amplified segments
were pooled post-PCR and digested with 11 restriction
enzymes: 

 

Alu

 

I, 

 

Ava

 

II, 

 

Bst

 

UI, 

 

Dpn

 

II, 

 

Hae

 

III, 

 

Hha

 

I, 

 

Hin

 

cII,

 

Hin

 

fI, 

 

Nla

 

III, 

 

Rsa

 

I, and 

 

Taq

 

I under conditions outlined by
the manufacturer (NEB). DNA restrictions were resolved
on 2.0% agarose gels, stained with ethidium bromide, and
photographed under ultraviolet (UV) light.

 

Molecular analyses: sequencing

 

We sequenced a portion of the 

 

ND1

 

 gene of the mitochondrial
genome in all haplotypes defined by RFLP analysis (see

below). We examined this gene to obtain coverage of
nucleotide variation in regions distinct from our RFLP
survey and because it was shown by Williams 

 

et al

 

. (1997)
to be polymorphic in bull trout. We used the primers t-Ile
(Park 

 

et al

 

. 1993) and ND1C (Redenbach & Taylor 1999) to
amplify

 

 

 

≈

 

 

 

1.6 kb of mtDNA encompassing the tRNA-Ile
and a portion of the 

 

ND1

 

 gene. The t-Ile primer was then
used to sequence

 

 

 

≈

 

 

 

550 bp from the 3

 

′

 

 end of the 

 

ND1

 

gene. The procedures for obtaining the 

 

ND1

 

 sequence via
automated sequencing were as described by Redenbach
& Taylor (1999).

 

Data analyses

 

All RFLPs in bull trout could be accounted for by single
or double restriction site changes. Consequently, a pres-
ence/absence restriction site matrix was contructed for
each RFLP observed for each enzyme and was given a
single capital letter code (e.g. 

 

Alu

 

I A, B, C, etc.). Each fish
was then characterized by an 11 letter composite haplo-
type code; each letter representing the restriction site
code for each of the 11 enzymes (e.g. AAAAAAAAAAA,
ABAAAAAAAAA, etc.). A site matrix for each of the
composite haplotypes resolved was constructed using
the program 

 

reap

 

 (McElroy 

 

et al

 

. 1992). The composite
haplotype restriction site matrix so generated formed the
basis for subsequent analyses of haplotype and nucleot-
ide diversity using programs in 

 

reap

 

.
Divergence among haplotypes was estimated as the

number of nucleotide substitutions per site, 

 

d

 

 (Nei &
Miller 1990). Patterns of similarity among haplotypes
were summarized by using the unweighted pair group
method with arithmetic averages (

 

upgma

 

; Sneath & Sokal
1973) to cluster sequence divergence estimates using

 

neighbour

 

 of 

 

phylip

 

 (version 3.5; Felsenstein 1993).
Divergence among aligned 

 

ND1

 

 sequences were examined
using Kimura’s 2-parameter distance (using 

 

dnadist

 

of 

 

phylip

 

) because transition subsitutions greatly out-
numbered transversions. Relationships among sequence
haplotypes were estimated by Wagner parsimony using

 

dnapars

 

 of 

 

phylip

 

. Finally, we combined the RFLP and
sequence information into a single data matrix by con-
verting the sequence information into binary (1,0) for-
mat. The resulting 615 character matrix was analysed by
Wagner parsimony using 

 

mix

 

 of 

 

phylip

 

 accompanied by
1000 bootstrap replicate analyses of the matrix. Total
nucleotide diversity was partitioned into variance com-
ponents by using the analysis of molecular variance
(

 

amova

 

) approach of Excoffier 

 

et al

 

. (1992). Both haplo-
type frequency and level of evolutionary divergence
among haplotypes were utilized in extracting variance
components, although the results were very similar if
only frequency differences among localities were used.
Initially we pooled sites into ‘coastal’ (at or west of the
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Table 1

 

Sample populations and number code (see Fig. 1), sample sizes, haplotype diversity (with standard error (SE)) and nucleotide diversity (

 

× 

 

100) of bull trout collected in the
study. Diversity statistics are presented for those samples with 

 

n

 

 of at least five individuals

Population (no.) Sample size
Haplotype 
diversity

Nucleotide 
diversity Population (no.) Sample size

Haplotype 
diversity

Nucleotide 
diversity

Upper Liard River Upper Columbia River
Hotel Cr. (1) 12 0.0000 0.0000 Yakima R. (26) 9 0.5490 (0.1264) 0.2130
Shilsky L. (2) 4

 

— —

 

Duncan L. (27) 8 0.0000 0.0000
Lower Liard River Salmo R. (28) 13 0.0000 0.0000

Beaver R. (3) 5 0.0000 0.0000 Wigwam R. (29) 11 0.3117 (0.1065) 0.0409
Crow R. (4) 5 0.0000 0.0000 Howell Cr. (30) 8 0.0000 0.0000

Upper Peace River Lower Columbia R.
Mesilinka R. (5) 8 0.5667 (0.1089) 0.1794 Anderson Cr. (31) 5 0.0000 0.0000
Chowika R. (6) 5 0.3556 (0.1591) 0.0501 Metolius R. (32) 13 0.0000 0.0000
Osilinka R. (7) 6 0.0000 0.0000 Clear Branch Cr. (33) 3

 

— —

 

Lower Peace River Snake R.
Burnt R. (8) 6 0.4848 (0.1059) 0.0656 Bear Cr. (34) 5 0.0000 0.0000
Belcourt L. (9) 8 0.0000 0.0000 Boise R. (35) 3

 

— —

 

Upper Fraser River Jarbridge R. (36) 10 0.0000 0.0000
Dome Cr. (10) 10 0.5895 (0.0926) 0.2665 South Coast/Puget Sound
Small Cr. (11) 7 0.5275 (0.0636) 0.2876 Squamish R. (37) 10 0.1895 (0.1081) 0.1007
Upper Torpy R. (12) 7 0.0000 0.0000 Klinaklini R. (38) 10 0.4421 (0.0876) 0.0574

Middle Fraser River Puyallup R. (39) 1

 

— —

 

Chilko R. (13) 5 0.5333 (0.0947) 0.0737 White R. (40) 1

 

— —

 

Grain Cr. (14) 5 0.0000 0.0000 Mud Mtn. Dam (41) 2

 

— —

 

North Thompson R. (15) 10 0.7582 (0.0504) 0.3632 Skagit R. (42) 7 0.5275 (0.0638) 0.0014
Shuswap R. (16) 5 0.0000 0.0000 Elwha R. (43) 14 0.0000 0.0000
Nahatlach R. (17) 5 0.5333 (0.0947) 0.3723 Soleduck R. (44) 10 0.0000 0.0000
Dominion Cr. (18) 5 0.3556 (0.1591) 0.2482 Klamath R.
Upper Anderson R. (19) 6 0.4848 (0.1059) 0.2003 Long Cr. (45) 5 0.0000 0.0000

Lower Fraser River South Saskatchewan R.
Upper Pitt R. (20) 19 0.3414 (0.0776) 0.2177 Belly R. (46) 5 0.0000 0.0000
Chillwack L. (21) 12 0.0000 0.0000 Waterton R. (47) 5 0.0000 0.0000
Silverhope Cr. (22) 2

 

— —

 

North Coast
Tahltan R. (23) 5 0.0000 0.0000
Bulkley R. (24) 8 0.5333 (0.0456) 0.1403
Nass R. (25) 13 0.0000 0.0000 Average Total 

 

n

 

 = 348 0.1800 (0.0014) 0.0709 (0.0003)
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Cascade/Coast mountain ranges) and ‘interior’ (east of
these mountains) regions as suggested by clustering and
parsimony analyses of the RFLP and sequence haplotype
character matrices (see below) and because this group-
ing has been recognized in previous studies of fish (e.g.
Parkinson 1984; Taylor & McPhail 1985a; Haas 1988). We
also tested alternative hierarchies including pooling sites
into ‘northern’ (all river systems north of the Fraser River)
and ‘southern’ (the Fraser River and all systems to the
south) regions because this geographical split has also
been resolved in northwestern North American fishes
(Utter 

 

et al

 

. 1980; Taylor 1995; Taylor 

 

et al

 

. 1996; Thompson

 

et al

 

. 1997). Sample localities were also pooled into 12
different watershed regions (upper Liard, lower Liard, upper
Peace, lower Peace, North Coast, upper Fraser, middle
Fraser, lower Fraser and south coast British Columbia,
Puget Sound, upper Columbia, lower Columbia/California,
South Saskatchewan). These same watershed groups
were analysed by 

 

amova

 

 in a separate analysis, this time
examining watersheds within each of the coastal and
interior regions. Finally, we pooled sites into groups of
populations that are thought to have originated from
postglacial colonization from four major refugia: Bering/
Nahanni, Chehalis, Missouri/Great Plains, and lower
Columbia River Valley (McPhail & Lindsey 1986). The

 

amova

 

 analyses were summarized by the calculation of
variance components and their associated 

 

φ

 

 statistics, i.e.
among major regional groupings (e.g. 

 

φ

 

CT

 

), followed by
variation among sample sites within each of these
regional groupings (

 

φ

 

SC

 

) and variation within individual
sites (

 

φ

 

ST

 

). The statistical significance of each of the
variance components was estimated by random per-
mutations of the original restriction site and haplotype
frequency matrices (Excoffier 

 

et al

 

. 1992). In the 

 

amova

 

analyses, we only used sites with samples sizes of at least
five individuals (

 

n 

 

= 40 sites).

 

Results

 

RFLP haplotype diversity and inter-relationships

 

Our analysis surveyed 115 restriction sites over 410 bp.
Thirty-three sites were variable and 21 bull trout haplo-
types were resolved among the 348 samples examined
(Table 2). Average pairwise sequence divergence among
haplotypes was 0.54% (standard error (SE) = 0.02) and
ranged from 0.13 to 1.2%. Dolly Varden mtDNA (

 

n 

 

= 3 from
two different localities) differed from bull trout at seven
of the 11 restriction enzymes and averaged 1.8% (SE = 0.1,
range 1.3–2.4%) divergent from bull trout haplotypes.

Clustering of the bull trout haplotype sequence diver-
gence estimates resolved two broad groupings of haplo-
types: group A consisted of haplotypes 8–12; group B
consisted of all other haplotypes (1–7, 13–14, 15–21;

Fig. 2) and these two groups differed by about 0.8% in
sequence. Most of the values for pairwise sequence diver-
gences between all haplotype pairs that were above the
median value (0.53% divergence) involved comparisons
between haplotypes from these mtDNA groupings A and
B (76%) rather than between haplotypes within either of
these groups (24%) and the distribution of haplotypes
when subdivided into groups A and B was highly struc-
tured geographically (see below).

These same two groupings were recovered in neighbour-
joining analysis of the sequence divergence estimates as
well as in Wagner parsimony analysis of the presence/
absence restriction site matrix (dendrograms not shown).
Statistical support for a distinction between these two
putative groupings using 

 

upgma

 

, neighbour-joining or
parsimony analyses, however, was weak. The node
separating groups A and B was found in only a maxi-
mum of 52% of the bootstrap replicates and they differed
by only a single diagnostic site resolved with 

 

Nla

 

III. The
inclusion of Dolly Varden as an outgroup in these ana-
lyses compromised the integrity of group A haplotypes
especially. Haplotypes 11 and 12 typically formed an

Table 2 Composite haplotypes of bull trout mitochondrial DNA
(mtDNA) resolved with 11 enzymes and their approximate
mean percentage frequency across all samples. Haplotype 22
represents Dolly Varden. Each letter represents the restriction
fragment length polymorphism resolved with AluI, AvaII,
BstUI, HhaI, HaeIII, HincII, HinfI, NlaIII, RsaI, Sau3AI, and TaqI,
respectively

Haplotype  
number

Haplotype  
code

Mean percentage 
occurrence

1 AAAAAAAAAAA 47.0
2 AAACAAAAAAA 1.9
3 AAAAAABAAAA 1.5
4 BBAAAAAABAA 1.8
5 AABBAAAAAAA 4.7
6 AAAAAAAAAAB 4.5
7 AAAAAAAABAA 2.3
8 CAAABABBBAA 2.3
9 CCAAAABBCAA 5.0

10 CCAAAABBBAA 7.4
11 CAAAAACCBAA 8.2
12 CAAACACCBAA 0.2
13 CAAABAAAAAA 7.8
14 CAAAAAAAAAA 2.6
15 CAAAAABBAAA 2.3
16 AAAAAABEAAA 2.3
17 CBAAAAAABAA 0.5
18 CAAAAABAAAA 0.3
19 CAAABABAAAA 1.0
20 AAAAAADAAAA 0.4
21 CAAAAAAAAAD 2.3
22 DABDCBBDDAC —
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unresolved trichotomy with Dolly Varden mtDNA and
the remaining bull trout haplotypes, using neighbour-
joining or parsimony analyses.

Sequence analysis

To increase the resolution of the bull trout haplotype
trees, we sequenced a representative of each RFLP haplo-
type (including the Dolly Varden haplotype). We also
included a brook trout in our sequencing owing to the
ambiguity introduced into our phylogenetic analyses by

using Dolly Varden mtDNA as an outgroup. Brook trout
have been clearly resolved from both bull trout and Dolly
Varden using mtDNA (Grewe et al. 1990).

We obtained 500 bp of sequence from the 3′ end of the
ND1 gene in the 21 bull trout RFLP haplotypes and in one
Dolly Varden and one brook trout (Fig. 3). In total, how-
ever, we identified only six different sequence haplotypes
in bull trout because RFLP haplotypes 1–5, 13, 16, 18–21
all had identical ND1 sequences as did haplotypes 11–12
and haplotypes 9, 10, and 15. Thirty-eight sites were
variable with 29 of these distinguishing all bull trout from

Fraser, upper and lower Peace, upper and lower Liard, Nass, Skeena,
upper Columbia, Stikine, South Saskatchewan, Klinaklini
lower Peace, middle Fraser, Klinaklini

lower Peace

upper Peace, upper Columbia

upper Fraser

middle Fraser, lower, middle, upper Columbia

middle Columbia, Snake

Jarbridge

upper Fraser, middle Columbia

lower Columbia

middle Fraser, middle Columbia

upper Fraser, Skeena

upper Fraser

upper Fraser, upper Peace

middle Fraser

South Saskatchewan

lower Columbia

lower Fraser, Skagit, Puget Sound

lower Fraser, Olympic Peninsula, Klamath

lower Fraser, Squamish, Skagit

Squamish

haplo1

haplo6

haplo7

haplo3

haplo16

haplo13

haplo14

haplo21

haplo18

haplo15

haplo19

haplo2

haplo5

haplo4

haplo17

haplo20

haplo8

haplo9

haplo10

haplo11

haplo12

Dolly Varden

2.0 1.0 0.0

Sequence divergence (%)

Fig. 2 upgma dendrogram of pairwise sequence divergence estimates among 21 bull trout restriction fragment length polymorphism
(RFLP) haplotypes with a Dolly Varden haplotype for comparison. Also shown are the geographical locations in which each haplotype
occurred at least once.
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brook trout and five sites distinguishing Dolly Varden
from bull trout. Of the remaining variable positions, two
marked changes (C ↔ T transitions) that distinguished
the five group A RFLP haplotypes from the 15 group B
RFLP haplotypes (Fig. 3). Bull trout ND1 averaged 1.5%
(SE = 0.13) divergence from Dolly Varden and 7.1% (SE = 0.11)
divergence from brook trout, while Dolly Varden and
brook trout sequences also differed by 7.1%. Variation
among bull trout haplotypes averaged 0.8% (SE = 0.11).

When clustered by upgma, the sequence divergence
estimates among ND1 haplotypes also fell into two
groups corresponding to RFLP haplotype groups A and B
(dendrogram not shown). Haplotypes within these two
groups differed by an average of 1.01% (SE = 0.13) in

sequence, a value slightly greater than that based on our
RFLP analysis (0.8%). Variation within the coastal and
interior sequence haplotypes averaged 0.53% (SE = 0.06)
and 0.30% (SE = 0.07), respectively. Wagner parsimony
analysis of the pooled RFLP and sequence information
produced a similar topology to that of the RFLP (or
sequence) data analysed alone, but with higher levels of
bootstrap support (Fig. 4). A monophyletic assemblage of
haplotypes (82% support) was identified that consisted
of haplotypes previously designated as group B by RFLP
analysis. A second set of haplotypes (8–12, 15), although
clearly distinct from group B haplotypes, was usually not
monophyletic, but rather formed a grade between out-
group taxa and group B bull trout haplotypes in the

Haplotype 1–3,
7,13,16,18–21

G T A T C A G G C C A G T C C A T A T A T G C G G C C

Haplotype 14

Haplotype 17

Haplotype 8

Haplotype 9,10

Haplotype 11,12

Haplotype 15

Dolly Varden

Brook Trout

. . . . . . T . . . . . . . . . . . . . . . . . . . .

. . . . . . G . T . . . . . . . . . . . . . . . . . .

. . . . . . . A T . . . . . . . . . C . . . . . . . T

. . . . . . . G T . . . . . . . . . C . . . . . . . C

. . . . T . . . T . . . . . . . . . C . . . . . . . T

. . . . C . . . T . . . . . . . . . C . . . . . . . C

. . . . . . . . T . . . . . . . . . C . C A . . . . C

T G G A T G G G T T G A G T T G A G A G T G T T A T T

                                   *

1 2 4 4 6 1 1 1 1 1 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3

5 3 2 4 6 2 4 5 6 7 1 2 4 6 6 7 7 8 9 0 0 1 2 4 5 5 5

          0 3 1 8 3 2 8 0 1 7 0 9 5 1 0 5 4 6 2 4 6 9

Haplotype 1–7,
13,16–21

T G A T A A T T T G A

Haplotype 14

Haplotype 17

Haplotype 8

Haplotype 9–10

Haplotype 11,12

Haplotype 15

Dolly Varden

Brook trout

. . . . . . . . . . .

. . . . . . . . . . .

. . . . . . . . C . .

. . . . . . . . C . .
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Fig. 3 Variable positions for a 500 bp
sequence encompassing part of the 16S
rRNA gene (bp 1–199), Leu-tRNA (bp
200–275, and NADH-1 gene (bp 276–
500). Sequences for bull trout are listed
according to restriction fragment length
polymorphism (RFLP) haplotypes defined
in Table 2 (see also Fig. 2) plus represent-
ative brook trout and Dolly Varden sequ-
ences. Identical positions are indicated
by a ‘.’, while asterisks indicate diagnostic
positions for ‘coastal’ and ‘interior’ groups
of bull trout. Sequences have been dep-
osited in GenBank under accession nos
AF126000–AF126007.
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majority of bootstrap replicates (Fig. 4). The only other
strongly supported group of haplotypes was that consist-
ing of numbers 11 and 12 which was found in 87% of the
maximum parsimony analyses.

Geographical distribution of mtDNA haplotypes

The distribution of bull trout mtDNA haplotypes was
highly structured geographically (Figs 2, 5). Almost with-
out exception, group A haplotypes were found in drain-
ages at or west of the Coast or Cascade mountain ranges
that separate much of northwestern North America into
distinct ‘coastal’ and ‘interior’ ecoregions. Group A haplo-
types were found in southwestern British Columbia in
the lower Fraser River (below the Hell’s Gate canyon
area) and adjacent coastal streams (e.g. Squamish (popu-
lation number 37) and Skagit (42) rivers), the Olympic
Peninsula and Puget Sound (39–44), the lower Columbia
River (below the Snake River), and in the Klamath River
(45) in southwestern Oregon. By contrast, group B haplo-
types were exceptionally widespread in northcentral and
northwestern British Columbia and southern Yukon (e.g.
Stikine, upper Yukon, and Liard rivers), the Peace, upper
Fraser, upper Columbia/Kootenay and Snake rivers, and
in the South Saskatchewan drainage east of the contin-
ental divide (Figs 2, 5). The only exceptions to this general
pattern were the presence of group B haplotype 6 in three

fish from the Klinaklini River (38, British Columbia south
coast) and of group B haplotype 13 in Clear Branch Creek
(33, lower Columbia River drainage; Figs 2, 5). The trans-
ition between coastal and interior bull trout mtDNA
appears to be abrupt, at least in the Fraser River. Less
than 30 km of river separates the most upstream popu-
lation with coastal haplotypes (Silverhope Creek, 22)
from the most downstream population with interior
haplotypes (Upper Anderson River, 19; Fig. 5). The interven-
ing area was sampled extensively, but no other popula-
tions of bull trout were located. The transition between
coastal and interior haplotypes appears less abrupt in the
lower Columbia River. Interior and coastal haplotypes
were mixed in the area of the ‘Columbia Gorge’; the most
downstream interior group of haplotypes was located in
Clear Branch Creek (33) while samples from the upper
Metolius River (32) at the eastern edge of the Cascade
Crest contained coastal haplotypes (Fig. 5).

Hierarchical analysis of mtDNA diversity

The partitioning of the RFLP nucleotide variation was
examined by pooling samples site data in several differ-
ent hierarchical arrangements (Table 3). Pooling sites into
‘coastal’ and ‘interior’ regions, as suggested by clustering
and parsimony analyses of the RFLP and sequence haplo-
type character matrices (Figs 2, 5), resulted in the highest

haplo12
Coastal

Brook trout

haplo15

haplo9

haplo10

haplo11

haplo8

haplo1

haplo3

haplo16

haplo2

haplo5haplo5

haplo6

haplo20

haplo17

haplo4

haplo7

haplo14

haplo18

haplo21

haplo19

haplo13

Dolly Varden

82
75

61
41

87
58

Interior

Fig. 4 Consensus tree of parsimony ana-
lysis of relationships among bull trout,
Dolly Varden, and brook trout (root)
restriction fragment length polymorphism
(RFLP) and NADH-1 sequence haplotypes.
The tree was derived from a composite
matrix of RFLP restriction sites as well as
sequence variants transformed to 1,0 format.
Bull trout haplotypes are RFLP haplotypes
defined in Table 2. The numbers at branch
points represent the percentage of 1000
bootstrap replicates containing the group
to the left of each branch point (numbers
above: combined RFLP/sequence analysis;
numbers below: sequence analysis only).
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degree of variation explained at the regional level (55%;
Table 3). Pooling sites by putative refugia also resolved
substantial among-group variability (47%), but the high
intergroup variability appeared to be almost entirely due
to the differences between populations at or west of the
Cascade/Coast mountain range and all other areas.
When the interior sites were examined by pooling into
three putative refuge groups (Bering/Nahanni, Missouri/
Great Plains, upper Columbia), the variance component
attributable to different refugia declined to 1.5% (P = 0.34;
Table 3). Although the majority of variation resided at the
level of large-scale geographical regions, no matter which

hierarchical arrangement was tested there was always
significant variation detected among sample sites within
larger geographical regions (Table 3).

Haplotype diversity within populations

Bull trout appear to be characterized by having relatively
little mtDNA variation resident within populations. In
few of the amova analyses cited above was the com-
ponent of within-population variation greater than 20%
of the total nucleotide variation, although it was always
statistically significant. Similarily, for those sites where

Fig. 5 Distribution of two major bull trout
mitochondrial DNA (mtDNA) groupings
identified by restriction fragment length
polymorphism (RFLP) and sequence ana-
lyses. Group A = haplotypes 8–12, 15 and
group B = haplotypes 1–7, 13–14, 16–21
(see Figs 2,4). The solid black line dividing
groups A and B represents the approximate
location of the Cascade/Coast Mountain
crest. The Boise Creek population (*) was
assayed by sequence analysis.
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sample sizes were at least 10 (n = 14 populations), haplotype
diversity averaged 0.21 (SE = 0.07, range = 0.0–0.59; Table 1).
Nucleotide diversity (× 100) was similarly low, averaging
0.08 (SE = 0.03, range = 0.0–0.32; Table 1). Over the entire
geographical range, however, bull trout mtDNA was highly
variable; haplotype diversity was 0.8383 (SE = 0.0399)
and nucleotide diversity was 0.003418 when we pooled
haplotypes across all localities.

Discussion

Diversity and inter-relationships of bull trout mtDNA

The depth of divergence among bull trout mtDNA haplo-
types was relatively shallow (average pairwise divergence
of 0.5%, maximum of 1.2%) and there was a subdivision
of haplotypes into two geographical groupings: ‘coastal’
and ‘interior’ (Figs 2, 5). The degree of evolutionary diver-
gence among bull trout haplotypes is similar to that in
Holarctic fishes summarized by Bernatchez & Wilson
(1998). The shallow phylogenetic depth of mtDNA in these
fishes (average maximum d of ≈ 1.2% from 25 species;
Bernatchez & Wilson 1998), relative to fishes from more
southern localities in North America and Europe, is thought
to stem from the greater reduction of genetic diversity
in northern fishes through extinction of divergent lineages
found in habitats affected more directly by Pleistocene
glacial events (e.g. Bernatchez & Wilson 1998). Within this
context, the phylogeographical structure of bull trout
mtDNA is subtle compared with deeper divisions

observed in other northwestern North American fishes.
For instance, both three-spine sticklebacks (Gasterosteus
aculeatus) and rainbow trout (Oncorhynchus mykiss) exhibit
phylogenetic divisions of mtDNA into major clades that
differ in sequence from about 2.5% (O’Reilly et al. 1993;
Thompson et al. 1997) to 1.8% (M. McCusker & E. B. Taylor,
unpublished), respectively. The relative shallowness of
the bull trout phylogenetic division may reflect: (i) more
recent isolation of bull trout in refugia during late Pleis-
tocene glacial events; (ii) a lower mutation rate in bull
trout mtDNA; or (iii) lower evolutionarily effective popu-
lation sizes in bull trout relative to these other species.

All ‘coastal’ haplotypes (8–12, 15) were closer to the
root of the parsimony tree than were the more derived
‘interior’ haplotypes (13–14, 16–21). Further, sequence
sites that characterized the coastal haplotypes were
usually shared with either Dolly Varden or brook trout or
both of these outgroup taxa (Fig. 3). These data suggest
that the coastally distributed bull trout haplotypes are
decendants of lineages that more closely resemble ances-
tral bull trout mtDNA (i.e. near the split between bull
trout and other western Salvelinus).

The apparent greater antiquity of coastal haplotypes
may stem from a higher probability of persistence of
older haplotypes in coastal areas owing to their proximity
to presumed Pleistocene refugia for bull trout (see below).
By contrast, most of the geographical areas where interior
haplotypes were found were repeatedly exposed to more
complete destruction by glacial advances and retreats
over the 20 or so Pleistocene glacial events (Lindsey &

Geographical 
arrangement

Variance 
component

φ  
statistic

Percentage  
of variation P

Coastal vs. interior Among regions 0.5529 55.2 0.0000
Among sites 0.7359 32.7 0.0000
Within sites 0.8805 11.9 0.0000

North vs. south Among regions 0.2549 25.5 0.0021
Among sites 0.8081 60.2 0.0000
Within sites 0.8570 14.3 0.0000

Major watersheds Among regions 0.4355 43.6 0.0000
Among sites 0.7125 40.2 0.0000
Within sites 0.8377 16.2 0.0000

Coastal region Among watersheds 0.1979 19.7 0.0675
Among sites 0.8004 64.2 0.0000
Within sites 0.8399 16.0 0.0000

Interior region Among watersheds –0.0077 –0.77 0.5810
Among sites 0.6334 63.9 0.0000
Within sites 0.6309 36.9 0.0000

Refugia Among refugia 0.4707 47.1 0.0000
Among sites 0.7381 39.1 0.0000
Within sites 0.8651 13.1 0.0000

Interior refugia Among refugia 0.0151 1.5 0.3470
Among sites 0.6288 61.4 0.0000
Within sites 0.6289 37.1 0.0000

Table 3 Hierarchical analysis of mito-
chondrial DNA (mtDNA) diversity in bull
trout from amova (see text for details)
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McPhail 1986; McPhail & Lindsey 1986; Martinson et al.
1987). It is possible, therefore, that interior haplotypes
were subject to greater probability of extinction for older
and intermediate haplotypes than coastal haplotypes
resulting in the predominance of more highly derived
haplotypes in interior regions. This conjecture is supported
by: (i) a higher (2.1 vs. 1.5) average number of pairwise
site differences between coastal haplotypes relative to
comparisons between interior haplotypes; (ii) a higher
(0.72 vs. 0.61) haplotype diversity within the coastal
region (pooled across localities); and (iii) the observation
that the most basal interior haplotypes are found in areas
that were probably closest to presumed lower Columbia
Pleistocene refugia (e.g. haplotypes 18 and 19 in the
Yakima River (26), haplotype 13 in the Snake River (34),
haplotype 13 in the lower Columbia River (33); (Figs 2, 5).

Geographical distribution of mtDNA haplotypes

Although the depth of the bull trout mtDNA haplotype
separation was shallow, there was a sharp discontinuity
in the geographical distribution of group A and B haplo-
types (Fig. 2). Most group A are ‘coastal’ (at or west of the
Coast and Cascade mountain crests), while all but two
group B haplotypes were found east of these mountain
crests. The only exceptions to this pattern involved two
haplotypes (6 and 13) that, although they were typically
found in interior localities, were also recorded in two
coastal-draining streams (Figs 2, 5). Discontinuity in the
geographical distribution of haplotypes suggests that
there has been a strong historical component to the
organization of bull trout mtDNA diversity. A probable
source of historical effects is isolation during the late
Pleistocene in distinct glacial refugia (McPhail & Lindsey
1986; Wilson et al. 1996).

Our results, however, did not find multiple divergent
mtDNA haplotypes associated with some geographical
locations proposed to have acted as Wisconsinan glacial
refugia based on morphological analyses (Haas 1988), e.g.
Beringia (Liard River), Nahanni (Liard, Peace system), or
upper Missouri River (South Saskatchewan River, upper
Columbia and Kootenay rivers). Instead, most fish east
of the coastal mountain ranges were characterized by
mtDNA group B with little structure apparent among
watersheds within that group (Table 3). Group A bull
trout were clustered around the south coastal region of
British Columbia, Puget Sound and the Olympic Peninsula
in western Washington, the lower Columbia River, and
the Klamath River in southwestern Oregon. These latter
areas include the so-called ‘Chehalis Refuge’, a region
dominated by drainages of the Chehalis River between
the Columbia River and Puget Sound that is known to
have been ice free during much of the Pleistocene. The
Chehalis River valley has been suggested as a west coast

refuge that was independent from the Columbia Refuge
based on the distribution of endemic species and differen-
tiated populations in fishes and plants (McPhail 1967;
McPhail & Lindsey 1986; Haas 1988; Buckingham et al.
1995; Soltis et al. 1997; McPhail & Taylor 1999). The localiza-
tion of group A haplotypes in this area suggests that the
Chehalis Valley served as a Pleistocene refuge for group A
bull trout haplotypes. Postglacial dispersal of coastal bull
trout into the lower Fraser or Columbia rivers or adjacent
coastal systems (e.g. Squamish River, Puget Sound rivers)
from a Chehalis refuge may have occurred via fresh-
water connections through the Puget lowlands (McPhail
1967; Thorson 1980), or perhaps via the sea (Cavender
1997). Coastal bull trout have been observed to enter and
successfully disperse in near shore marine areas (Cavender
1978; Haas & McPhail 1991).

The other potential refuge for bull trout during much
of the Pleistocene was the Columbia River (including the
Snake River) south of the ice sheet. This area probably
served as the source of postglacial colonists for bull trout
throughout the interior regions of the upper Columbia in
the US and Canada and right through to more northern
and eastern draining systems (i.e. Liard River in British
Columbia, lower Peace, Athabasca, and South Saskatch-
ewan rivers) via well-documented postglacial connec-
tions among these river systems (Lindsey & McPhail
1986; McPhail & Lindsey 1986; Haas 1988; Cavender
1997). Notwithstanding the presumed role of the lower
Columbia River valley as a second glacial refuge for bull
trout, the observation that group A haplotypes predomi-
nate in the Columbia area at or west of the Cascade Crest
suggests that this region of the Columbia may have been
largely colonized from the Chehalis Refuge. Fish surviv-
ing glaciation in the lower Columbia refuge may, there-
fore, have been concentrated east of the Cascade Crest
and dispersed mostly inland into the upper Columbia,
Fraser and other northern interior drainages. The idea
that the ‘lower Columbia’ (below the confluence with the
Snake River) may not be a single faunal unit in terms of
postglacial dispersal of freshwater fish has been suggested
previously as several other species that are widespread
in the Columbia (and clearly had a Columbia origin
postglacially) are curiously absent from the lower river
(McPhail & Lindsey 1986).

An abrupt transition between populations bearing
coastal haplotypes and those bearing interior haplotypes
in the Fraser River (Fig. 5) is not surprising. The transi-
tion point encompasses the Fraser Canyon, a well-known
area of difficult fish passage. The Fraser Canyon also
marks a region of biogeoclimatic change from coastal
wetlands to dry interior and is associated with abrupt
shifts in the distribution of genetic variation within some
fish species (e.g. Parkinson 1984; Taylor & McPhail
1985a,b; Wehrhahn & Powell 1987; Wood et al. 1994) as
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well as with changes in the geographical distribution of
several fishes (McPhail & Lindsey 1986). The ‘Columbia
Gorge’ is where the lower Columbia breaks through the
Cascade Range and includes the area between the
Metolius River (a tributary of the Deschutes River) and
Clear Branch Creek (a tributary of the Hood River). This
area contained fast water chutes, at least during historic
times, but does not appear to have been as much of an
impediment to bull trout movement as the Fraser Canyon
has been on the Fraser because coastal and interior haplo-
types both were found in this portion of the Columbia.

The other site that appeared to have anomolous
mtDNA haplotypes given its geographical location was
the Klinaklini River (38). These char had haplotypes 1
and 6, both of which were typically found in interior
areas. Interior bull trout haplotypes may, therefore, be
found in other coastal systems in low frequency with fur-
ther sampling. Alternatively, headwater faunal exchanges
could explain the presence of interior haplotypes in
coastal streams. The headwaters of the Klinaklini system
are immediately adjacent to headwaters of the Chilcotin
River system of the interior plateau. Both headwater
systems are within a few kilometres of one another and
may well have participated in faunal exchanges during
deglaciation as has been suspected for other areas along
the coastal–interior divide (McPhail & Lindsey 1986;
Baxter et al. 1997). The sharing of the TaqI ‘B’ haplotype
between some fish in the Klinaklini and in the Chilko
River (13, a major Chilcotin tributary; Table 4) is consist-
ent with this hypothesis. Headwater faunal exchanges
may also explain why all large coastal-draining systems
north of the Squamish River (e.g. Skeena, Stikine, Nass)
had ‘interior’ haplotypes. All of our samples (including
nine of the 10 Klinaklini samples) came from upstream
portions of these systems and these rivers have extensive
headwater tributaries that interdigitate with one another
or with interior drainages of the Fraser and MacKenzie
rivers (via the Peace and Liard rivers) among which
faunal exchanges have taken place in the past (Lindsey &
McPhail 1986; McPhail & Lindsey 1986). Therefore, bull
trout probably colonized these systems by watershed
exchanges with interior drainages rather than by dis-
persal of bull trout bearing group B haplotypes through
the sea from the Chehalis/Fraser/lower Columbia area.

Diversity of bull trout mtDNA and conservation

The partitioning of bull trout mtDNA variation indicated
that relatively little variation resides within individual
sample sites, but that there is substantial variation among
populations and among geographical regions. The vari-
ation within sample sites was typically less than 20% of
the total from our amova analyses, but sample sizes for
many sites were low. For populations with at least 10

individuals sampled, however, the average haplotype divers-
ity was only 0.21 and many populations were fixed for
single haplotypes. By contrast, the observed bull trout
haplotype diversity of 0.84 when pooled across localities
is comparable (and higher than many) to values sum-
marized for other freshwater fishes by Bernatchez & Wilson
(1998). The low average haplotype diversity within popula-
tions and the variation among populations in molecular
diversity, coupled with the high diversity ‘species-wide’
are consistent with the amova results; mtDNA variation
at the among-population level is substantial (cf. Leary
et al. 1993; Williams et al. 1997). Further, average hetero-
zygosity levels at allozyme and microsatellite loci assayed
in bull trout populations (Leary et al. 1993; Spruell et al.
1999) are typically lower than reported for many other
salmonid fishes (e.g. Allendorf & Leary 1988; Leary
et al. 1993; Angers et al. 1995; Wenburg et al. 1998). The
depauperate levels of variation within bull trout popula-
tions may result from repeated stochastic factors such as
founder events, bottlenecks, and genetic drift in small
populations, particularly during recolonization of north-
ern, glaciated areas as the ice sheets retreated (Leary et al.
1993; Hewitt 1996; Merila et al. 1996). Such processes may
be especially pronounced in bull trout which are top
predators in aquatic ecosystems, typically have relatively
small population sizes, and which exhibit strong site
fidelity (Baxter 1997; Swanberg 1997). These same general
life history features, however, would also be expected to
promote a high level of population structure similar to
that observed in our study and in allozyme and micro-
satellite assays (Leary et al. 1993; Spruell et al. 1999; A.
Costello and E. B. Taylor, unpublished). The concentration
of molecular variation among populations and geograph-
ical regions is often observed in freshwater fish species
(e.g. Ward et al. 1994), but in bull trout, and perhaps char
in general (Wilson et al. 1996; Angers & Bernatchez 1998),
this pattern appears especially pronounced relative to
many other salmonids (e.g. Allendorf & Leary 1988;
Bernatchez & Osinov 1995). These observations emphasize
that conservation of bull trout biodiversity, as measured
by molecular assays, must focus on conservation of as
many populations within as many different geographical
regions as possible, because it is at these levels that the
majority of molecular variation resides. In addition,
although our focus was not on fine-scaled population
structure, our results indicate a high degree of substructure
within geographical regions (Table 3) and, consequently,
substantial limits on gene flow among local populations.
Because restricted gene flow favours divergence in differ-
ent selective environments, it is probable that bull trout
also exhibit interpopulation variation in quantitative traits.
Molecular assays of diversity are, therefore, undoubtably
conservative estimates of biodiversity in bull trout across
populations and geographical regions.
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Our data suggest that, at the coarsest level, conserva-
tion efforts for bull trout should recognize a distinction
between coastal and interior assemblages of bull trout.
Although our mtDNA data suggest that the divergence
between coastal and interior lineages of bull trout is subtle

(i.e. it is based more on the geographical distribution
of closely related haplotypes rather than on deep evolu-
tionary divisions), several other lines of evidence suggest
a major subdivision of bull trout into coastal and interior
lineages. First, a coastal–interior break in the distribution

Table 4 Distribution of restriction fragment length polymorphism (RFLP) mitochondrial DNA (mtDNA) composite haplotypes among
bull trout sample populations. The numbers represent composite haplotypes defined in Table 2 and parenthetical number codes for
populations correspond to those in Table 1 and Fig. 1

Haplotype

Population 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

Hotel (1) 12 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Shilsky (2) 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Beaver (3) 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Crow (4) 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Mesilinka (5) 5 0 2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Chowika (6) 4 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Osilinka (7) 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Burnt (8) 4 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Belcourt (9) 0 0 0 0 0 0 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Dome (10) 6 0 0 2 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Small (11) 4 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
UTorpy (12) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 0 0 0 0 0
Chilko (13) 2 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Grain (14) 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
NThompson (15) 3 0 3 0 0 0 0 0 0 0 0 0 4 0 0 0 0 0 0 0 0
Shuswap (16) 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Nahatlach (17) 3 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0
Dominion (18) 4 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
UAnderson (19) 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0
UPitt (20) 0 0 0 0 0 0 0 0 0 4 15 0 0 0 0 0 0 0 0 0 0
Chillwack (21) 0 0 0 0 0 0 0 0 0 0 12 0 0 0 0 0 0 0 0 0 0
Silverhope (22) 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0
Tahltan (23) 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Bulkley (24) 4 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Nass (25) 13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Yakima (26) 0 0 0 0 0 0 0 0 0 0 0 0 6 1 0 0 0 1 1 0 0
Duncan (27) 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Salmo (28) 0 0 0 0 0 0 0 0 0 0 0 0 13 0 0 0 0 0 0 0 0
Wigwam (29) 9 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Howell (30) 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Anderson (31) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0
Metolius (32) 0 0 0 0 0 0 0 13 0 0 0 0 0 0 0 0 0 0 0 0 0
Clear Branch (33) 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0
Bear (34) 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0
Jarbridge (36) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 10
Squamish (37) 0 0 0 0 0 0 0 0 0 0 9 1 0 0 0 0 0 0 0 0 0
Klinaklini (38) 7 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Puget Sound (39–41) 0 0 0 0 0 0 0 0 4 0 0 0 0 0 0 0 0 0 0 0 0
Skagit (42) 0 0 0 0 0 0 0 0 4 0 3 0 0 0 0 0 0 0 0 0 0
Elwha (43) 0 0 0 0 0 0 0 0 0 14 0 0 0 0 0 0 0 0 0 0 0
Soleduck (44) 0 0 0 0 0 0 0 0 0 10 0 0 0 0 0 0 0 0 0 0 0
Long (45) 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0
Belly (46) 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
Waterton (47) 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Total 145 4 8 6 2 8 8 13 10 33 49 1 29 6 5 7 2 1 1 1 10

Note: population 35 was assayed only by sequence analysis.
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of closely related haplotypes within the Columbia and
Klamath systems is also apparent in the mtDNA data
of Williams et al. (1997). Second, microsatellite data also
exhibit a major coastal–interior split among bull trout
populations in the US portion of the Columbia and in the
Klamath River (P. Spruell, unpublished). Third, these
molecular assays are mirrored by morphological ana-
lyses conducted by Haas (1988) and Cavender (1997) that
also showed a coastal–interior division of bull trout.
Finally, bull trout from several of the coastal lineage
populations (Skagit (42), Squamish (37), and Pitt (20) rivers)
are thought to be amphidromous (they make short forays
into nearshore marine waters), a life history feature
thought not to be expressed in interior populations even
though many of the latter populations have unrestricted
access to the sea (Cavender 1978; Haas & McPhail 1991;
British Columbia Fish and Wildlife Branch, unpublished).
Thus, the subdivision of bull trout into two major lineages,
coastal and interior, in northwestern North America based
on mtDNA is supported by concordance across a broad
range of characteristics and supports the recognition
of this primary division in conservation plans for the
species (Moritz 1994; Waples 1995). Further, the presence
of both groups of bull trout within the Columbia River is
inconsistent with the view that only a single ‘distinct
population segment’ characterizes Columbia River bull
trout (US Department of Interior, Federal Register, July
1998, p. 31650). Rather, our data suggest that it would be
appropriate to recognize the existence of at least two
evolutionarily distinct units of bull trout within two of
the major rivers within the species’ range: the Columbia
and Fraser rivers. Of course, the coastal–interior division
represents only the broadest level of evolutionary diver-
gence within bull trout and finer-scale distribution of
population clusters within both interior and coastal
lineages have been suggested to exist (Leary et al. 1993;
Spruell et al. 1999).
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